Osmotic stress has been shown to regulate cytoskeletal protein expression. It is generally known that vimentin is rapidly degraded during apoptosis by multiple caspases, resulting in diverse vimentin fragments. Despite the existence of the known apoptotic vimentin fragments, we demonstrated in our study the existence of different forms of vimentin VIM I, II, III, and IV with different molecular weights in various renal cell lines. Using a proteomics approach followed by western blot analyses and immunofluorescence staining, we proved the apoptosis-independent existence and differential regulation of different vimentin forms under varying conditions of osmolarity in renal cells. Similar impacts of osmotic stress were also observed on the expression of other cytoskeleton intermediate filament proteins; e.g., cytokeratin. Interestingly, 2D western blot analysis revealed that the forms of vimentin are regulated independently of each other under glucose and NaCl osmotic stress. Renal cells, adapted to high NaCl osmotic stress, express a high level of VIM IV (the form with the highest molecular weight), besides the three other forms, and exhibit higher resistance to apoptotic induction with TNF-a or staurosporin compared to the control. In contrast, renal cells that are adapted to high glucose concentration and express only the lower-molecular-weight forms VIM I and II, were more susceptible to apoptosis. Our data proved the existence of different vimentin forms, which play an important role in cell resistance to osmotic stress and are involved in cell protection against apoptosis.
Introduction
Changes in osmolarity cause multiple alterations in cell metabolism and function, accompanied by changes in cell volume that are associated with rearrangement of the cytoskeleton [1] . Kidney is a key component of the defense system against osmotic stress conditions, due to its ability to produce urine of highly variable osmolarity, depending on the hydration status. The part of the nephron that plays a vital role in this remarkable feature of the kidney is the renal medulla [2] . The thick ascending limb of Henle's loop (TALH) is a part of the outer renal medulla. It is involved in urinary concentration, mainly by reabsorption of ions and very poor water permeability of the luminal membrane. Thus, TALH cells are physiologically exposed to variable osmotic stress during diuresis or antidiuresis but also pathological circumstances; glucosuria in patients suffering from diabetes mellitus may occur. Cells undergoing fluctuations in osmolarity have developed several strategies for protecting themselves from the osmotic effect. One of them is the downregulation of the endoplasmic calcium-binding protein calreticulin [3] . Beside the sodium ion, chloride ion, and urea transport in the interstitium [4] , the cells balance the osmotic stress by accumulation of organic osmolytes, such as sorbitol, betaine, inositol, glycerophosphocholine, and taurine [5] . These osmolytes are involved in counterbalancing regulatory volume decreases following hypertonic stress but are also released from cells undergoing regulatory volume increases caused by hypotonic stress [4] . Apart from modulation of the osmolyte content, cytoskeletal reorganization, such as a rearrangement of the Factin cytoskeleton, occurs in renal medullary cells during osmoregulation [6, 7] . Using proteomics, we demonstrated in our previous studies that renal cells exhibiting high resistance to osmotic stress respond with alteration of the expression of cytoskeletal proteins, like vimentin (VIM) and cytokeratin (CK), to osmotic stress [8] .
Cytoskeletal proteins build a dynamic filamentous network in the eukaryotic cell. They provide mechanical stability and the maintenance of the cell shape but are also involved in cell movement and transport mechanisms in the cytoplasm. In addition to mechanical features, the cytoskeleton also provides a surface for many signaling molecules, therefore controlling intracellular signaling events [9] . Intermediate filaments (IFs) belong to the major structural components of the cytoskeleton, along with microfilaments and microtubules. They are organized into complex arrays of 10-nm-diameter filaments that are prevalent in the perinuclear region, where they appear to be attached to the outer nuclear membrane, forming radial extensions through the cytoplasm [10] . Although IFs provide mechanical stability, there is evidence that they have dynamic properties, like the incorporation of newly synthesized subunits in pre-existing IF networks [11, 12] . Organizational changes in IF networks do not take place only during mitosis [13] and cell differentiation [14] but can also be provoked, for instance, by heat shock [15] or virus infection [16] .
VIM is the major IF protein known to play role in many different aspects of cell physiology, cellular interactions, and organ homeostasis. VIM is a highly conserved protein with a very high degree of sequence homology between species, suggesting some important and evolutionary conserved physiological roles of this IF protein. VIM knockout mice studies revealed a key importance of the protein in several cellular functions due to morphological defects in glial cells, leading to damaged motor coordination, impaired ability to heal wounds, and changes in fibroblast migration capacity [17] . VIM also plays an important role in mechanical stability, migration, and motility of cells [17, 18] . Moreover, VIM is known as a classical landmark of epithelialmesenchymal transitions (EMTs) and tumor progression [19] .
However, the role of cytoskeletal proteins in the osmoadaptive response is poorly characterized. The purpose of the present study is to investigate the role of cytoskeletal proteins in the osmotic stress response and adaptation of renal cells, with emphasis on the modulation of VIM and its forms under different and variable osmotic stress conditions. We demonstrate that VIM is present in different forms that can be regulated independently from each other under osmotic stress conditions. Moreover, we highlight the role of the higher-molecular-weight VIM forms in cell resistance to apoptosis.
Experimental Procedures

Cell Line and Culture Procedure
Two renal epithelial cell lines-TALH (thick ascending limb of Henle's loop), derived from rabbit kidney's outer medulla, and HK2 (human kidney-2), derived from normal adult human renal cortex-were used in these experiments. An immortalized TALH cell line, derived from kidneys of New Zealand white rabbits, was used [20] . The HK2 (human kidney 2) cell line was purchased from American Type Culture Collection (ATCC, Manassas, Virginia USA) [21] . The renal fibroblasts cell line TK173, derived from human kidney, was also used in these experiments. TK173 cells were immortalized by transfection with the plasmid pSV3gpt from SV 40 and have typical morphological and biochemical properties of renal interstitial fibroblasts [22] . All three cell lines show a high degree of differentiation and specialization and provide a suitable tool to study renal function in vitro. TALH and TK173 cell lines were maintained as a monolayer culture in DMEM (Gibco), including 5.5 mmol/l D-glucose supplemented with 10% fetal calf serum (Roche), 1% MEM nonessential amino acids, and 1% L-glutamine, whereas the HK2 cell line was maintained as a monolayer culture in Quantum 286 for Epithelial Cells medium (PAA). All cultured media were provided with 1% penicillin/streptomycin (Gibco). Cells were passaged at 85% to 90% confluency. Cells were routinely cultured in 75 cm 2 tissue culture flasks (Falcon) at 37uC in a humidified 5% CO 2 /95% air atmosphere.
Osmotic Stress Experiments
After reaching 70% confluence, cells that were cultivated in 300 mosmol/kg medium (TALH-STD, TK173-STD and HK2-STD) were stressed with either 600 mosmol/kg (NaCl or urea) or 30 mM glucose medium. Cell lines exhibiting high resistance to osmolarity (600 mosmol/kg) (TALH-NaCl, TALH-Urea, TK173-NaCl and HK2-NaCl) were established. Furthermore, the TALH cell line, adapted to high glucose 30 mM (TALH-Glucose), was established. For hypoosmolarity experiments, cell lines that were adapted to high osmolarity were switched back to 300 mosmol/kg medium. The osmolarity was adjusted with 3 M NaCl, 6 M urea, or D-glucose and controlled routinely.
Protein Extraction
Seventy percent-confluent cultures were scraped and washed 3 times with PBS. The cells were harvested by centrifugation at 2006g for 10 min, and the pellet was treated with 0.3-0.5 ml lysis buffer containing 9.5 M urea, 2% (w/v) CHAPS, 2% (v/v) ampholytes, 1% (w/v) DTT, and 10 mM PMSF. After adding the lysis buffer, the samples were incubated for 30 min at 4uC. For removing the cell debris, sample centrifugation was carried out at 13,0006g and 4uC for 30 min. The supernatant was recentrifuged at 13,0006g and 4uC for an additional 30 min to get maximal purity. The resulting samples were either used immediately or stored at 280uC until use. Protein concentration was measured according to Bradford [23] using bovine serum albumin as a standard.
Two-dimensional Gel Electrophoresis and Mass Spectrometry Analysis
For 2-DE, protein extracts were diluted in rehydration buffer (8 M urea, 1% (w/v) CHAPS, 0,2% ampholytes pH 3-10 or pH 5-8 according to the IPG strips, 15 mM DTT, and a trace of bromophenol blue) to a final volume of 175 ml for 11-cm strips and 125 ml for 7-cm strips. The mixture, containing 150 mg protein for 11-cm strips (pH 5-8) or 40 mg protein for 7-cm strips (pH 3-10), was used for the rehydration of the immobilized pH gradient (IPG) strips (Bio-Rad). The strips were allowed to rehydrate for 1 h before adding mineral oil. The passive rehydration was carried out overnight for at least 12 h at room temperature in a focusing chamber. Isoelectric focusing with a Protean IEF was performed at 20uC using the following multistep protocol for 11-cm strips: 500 V for 1 h, 1000 V for 1 h, and 8000 V for 6 h. The following protocol was used for 7-cm strips: 200 V for 1 h, 500 V for 1 h, 1000 V for 1 h, and 4000 V for 3 h. After the first dimension, the individual strips were equilibrated in 6 M urea, 30% (w/v) glycerol, 2% (w/v) SDS, 0.05 M Tris-HCl pH 8.8, and 15 mM DTT for 20 min. An additional incubation in the same buffer, supplemented with iodoacetamide (40 mg/ml), was carried out for another 20 min. After equilibration, the IPG strips were loaded on 12% SDS-PAGE, which was performed for 1 h at 200 V and 4uC.
Gel Staining and Analysis
For image analysis, 2-D gels were fixed in a solution containing 50% methanol and 12% acetic acid overnight and fluorescently stained with Flamingo fluorescent gel stain (Bio-Rad, Hercules, CA, USA) for a minimum of 5 h. After the staining, gels were scanned at 50-mm resolution on a Fuji FLA5100 scanner. The digitalized images were analyzed; spot matching across gels and normalization were performed using Delta2D 3.4 (Decodon, Braunschweig, Germany). Delta2D computes a 'spot quality' value for every detected spot. This value shows how closely a spot represents the 'ideal' 3D Gaussian bell shape. Based on average spot volume ratio, spots whose relative expression is changed at least 2-fold (increase or decrease) between the compared samples were considered to be significant.To analyze the significance of protein regulation, Student's t-test was performed, and statistical significance was assumed for P values less than 0.01. 2-D gels were post-stained with colloidal Coomassie blue (Roti-Blue, Roth, Karlsruhe, Germany) overnight, and differentially regulated proteins were excised and processed for identification by MS.
In-gel Digestion and Mass Spectrometry Analysis of Protein Spots
In-gel digestion experiments were performed according to Dihazi et al., 2005 [8] . Briefly, Coomassie brilliant blue-stained spots were manually excised from the gels and washed with distilled water for 15 min. The destaining procedure was carried out by washing the spots alternately with 50% ACN (acetonitrile) and 100 mM ammonium bicarbonate 3 times for 5 min. After dehydrating the spots with ACN for 15 min, they were dried in a vacuum centrifuge for approximately 15 min. Thereafter, the gel spots were rehydrated for digestion with 40 ml trypsin (10 ng/ml in 100 mM ammonium bicarbonate) and incubated at 37uC overnight. The peptide samples were extracted with different concentrations of ACN and trifluoroacetic acid (TFA). The peptide samples were cocrystallized with the matrix (2, 5 diaminobenzoic acid) on a stainless steel target using 1 ml matrix and 1 ml sample. An Applied Biosystems Voyager-DE STR timeof-flight mass spectrometer, operating in delayed reflector mode with an accelerated voltage of 20 kV, was used to generate peptide mass fingerprint maps. Mass spectra were obtained by averaging 50 individual laser shots. All samples were externally calibrated with a peptide mix of des-Arg 19) , and the resulting mass spectra were internally calibrated with trypsin autolysis products (m/z 842.50 and m/z 2211.10). Monoisotopic peptide masses were assigned, and database searches in the Swiss-Prot primary sequence database, restricted to the taxonomy Homo sapiens, were performed using MASCOT Software 2.2 (Matrix Science). Carboxamidomethylation of Cys and oxidation of Met were specified as variable modifications. One missed trypsin cleavage was allowed. Mass tolerance was set to 50 ppm for PMF searches. The minimal requirement for accepting a protein as identified was at least 30% sequence coverage in the PMF. Alternatively, tryptic peptides were subjected to mass spectrometric sequencing using a Q-TOF Ultima Global mass spectrometer (Micromass, Manchester, UK), equipped with a nanoflow ESI Z-spray. For that purpose, gel plugs were excised from 2-D gels and digested as described previously [21] . After digestion, the supernatant was removed and saved, and the additional peptides were extracted with increasing acetonitrile/trifluoroacetic acid solutions under sonication. All supernatants were pooled together, dried in a vacuum centrifuge, and re-dissolved in 0.1% formic acid for injection in the Q-TOF. The mass spectrometric sequencing was performed as described previously [20] . Processed data were searched against the MSDB and Swissprot databases through the Mascot search engine using a peptide mass tolerance and fragment tolerance of 0.5 Da. Protein identifications with at least two peptides sequenced were considered significant.
Western Blot Analysis
Western blot analysis was performed according to Towbin et al. [24] . Forty micrograms of the cell extracts was loaded on an SDS gel after denaturation with Laemmli buffer. After SDS-PAGE, blotting was performed on nitrocellulose membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK) at 40 V for 24 h in transfer buffer (25 mM Tris-HCl pH 8.4, 192 mM glycine, 0.5% SDS, 20% methanol). The membranes were blocked in 5% nonfat dry milk in PBS buffer containing 0.1% Tween-20 for 2 h at 37uC. The incubation with the primary antibodies was carried out overnight at 4uC. Monoclonal mouse anti-VIM (clone V9 for immunofluorescence, clone Vim 3B4 for WB) and monoclonal mouse anti-CK (clone MNF116) antibodies were from Dako. Monoclonal mouse anti-b-actin (product number A2228) antibody and monoclonal mouse anti-cofilin (CFL) (product number C8736) antibodies were from Sigma. Rabbit anti-lamin A/C polyclonal antibody was purchased from Cell Signaling Technology. After washing, membranes were incubated with a 1:2000 dilution of horseradish peroxidase-conjugated sheep anti-mouse secondary antibody (Amersham Biosciences) or with a 1:10,000 dilution of horseradish peroxidase-conjugated sheep anti-rabbit antibody for 60 min at 37uC. To visualize the protein bands, nitrocellulose membranes were then washed and treated with western blotting luminal reagent (Perkin Elmer, Boston, USA). Finally, the results were obtained on Kodak films.
Indirect Immunofluorescence Staining
For the indirect immunofluorescence staining, 30,000 cells were cultivated overnight in 16-well chamber slides. The medium was removed, and the cells were washed twice with PBS buffer. Fixation of the cells was carried out for 15 min with 4% paraformaldehyde in PBS. After permeabilization with 0.1% Triton X-100 in PBS for 1 h, the fixed cells were blocked with 1% BSA/PBS-buffer for 30 min and incubated overnight separately with the primary antibody. After washing 3 times with PBS, cells were incubated for 1 h with Alexa fluor dye-coupled anti-mouse and anti-rabbit secondary antibodies (Invitrogen, Germany). The unbound secondary antibody was removed with 3 washes of PBS buffer for 10 min. Thereafter, the samples were counterstained with PPD mounting medium containing DAPI. Samples were analyzed on an inverted immunofluorescence Zeiss Axiophot microscope (Carl Zeiss, Jena, Germany) equipped for epifluorescence with objectives ranging from magnifications of 106to 1006 with oil-immersion and a black and white Zeiss Axiocam CCD camera. Image capture was carried out using AnalySIS software (Soft Imaging Systems, Leinfelden, Germany).
siRNA Construct and Transfection siRNA oligonucleotides specific for knocking down VIM expression were designed in our laboratory and synthesized by Eurofins MWG Operon (Germany). We designed three different oligonucleotides, which target different parts of the vimentin mRNA sequence:
siRNA1: 59-TGAAGCTGCTAATTACCAAGACACTAT-39 siRNA2:
59-TCCAGGAACAGCATGTCCAGATCGACG-39 siRNA3: 59-ATCAACACCGAGTTCAGGAACACCCGC-39. TALH-STD cells cultured to approximately 80% confluency were transfected with siRNA for VIM knockdown using transfection reagent Lipofectamine 2000 TM (Invitrogen) according to the standard protocol of the manufacturer. Cells treated with Lipofectamine alone without siRNA were used as positive control. The transfection medium was removed after 24 h and replaced with the appropriate medium (control, glucose or NaCl). Cells were maintained under osomotic stress or in control medium for additional 24 h. The VIM expression was assessed by Western blot. The impact of VIM knockdown on cell viability and proliferation under osmotic stress was investigated in 96 well pate using MTT cell viability assay.
MTT Cell Viability Assay
For the cell viability assay the cell proliferation Kit I (MTT) from Roche was used according to the manufacturer instructions.
To investigate the effect of knocking down vimentin on cell viability under osmotic stress conditions, 8000-10.000 cells were grown in a 96 well tissue culture plate in control medium. After 24 Figure 1 . Differential expression regulation of cytoskeletal proteins under different osmotic stress conditions. A: Enlargments of gel regions in the range of pH 5-8 that were cropped from Flamingo fluorescence dye stained 2D-gels. The panels show differential expression of VIM forms in control cells (TALH-STD) and cells cultured in hyperosmolarity medium of NaCl (TALH-NaCl) and glucose (TALH-Glu). Quantitative analyses were carried out by comparing the VIM expression changes between TALH-STD and -NaCl and between TALH-STD and -Glu. The expression quantification of the spots is presented as a grouped bar chart with error bars. Each bar represents the intensity means 6 S.D. of vimentin protein spots from 3 independent experiments. Significant differences: (*) p,0.05, (**) p,0.01, (***) p,0.001. B: Ci Western blot analysis of cytoskeletal proteins VIM, CK, and CFL in TALH-STD, TALH-NaCl, TALH-Glu, and TALH-Urea cells. VIM showed 4 different bands, called forms I (46 kDa), II (48 kDa), III (50 kDa), and IV (54 kDa), from lower to higher molecular weight, respectively. VIM forms showed differential regulation under different stress conditions, where b-actin, used as control, was equally expressed. Cii the WB bands from the different VIM forms (I-IV) were quantified separately. CK showed four different bands in Western blot, all the four bands were up-regulated in TALH-NaCl. In TALH-Glu cells only the form with lowest molecular weight showed slightly up-regulation, when compared to TALH-STD. CFL expression level was significantly down-regulated in TALH-NaClGlu. The expression quantification is presented as a grouped bar chart with error bars on the left. Each bar represents the intensity means 6 S.D. of blots from 3 independent experiments. Significant differences: (*) p,0.05, (**) p,0.01, (***) p,0.001. C: Immunofluorescence staining of TALH-cells using mouse anti-VIM (a, b, c, d), anti-CK (e, f, g, h), and anti-CFL (i, j, k, l) antibodies in TALH-STD, TALH-NaCl, TALH-Glucose, and TALH-Urea cells, respectively. VIM builds a strong filamentous network in TALH-NaCl siRNA treatment in optimum medium, the cells were switched back either to control medium or to high osmotic medium (glucose or NaCl). After 24 h osmotic stress the MTT test was performed according to the manufacturer recommendation. All experiments were repeated three times and during each experiment 5 replicate per case were carried out.
Apoptosis Assay
To investigate the role of VIM in cell resistance to apoptosis TALH cell maintained in culture plate in control medium were divided in 4 groups: the control group without any treatment, NaCl-group treated for 24 h with sodium chloride, siRNA-group treated for 24 with siRNA and siRNA-NaCl group treated first with siRNA for 24 h and then subjected to NaCl stress for additional 24 h. The cells from the different groups were harvested, protein extracts were prepared and Western blot for caspase 3, 8 and 9 was performed using the following antibodies: anit-capase 3 (product number 9662) and anti-caspase 9 (product number 9508) monoclonal antibodies (Cell Signaling, USA) and anti-caspase 8 antibody (product number sc-7890) (Santa Cruz, USA).
Apoptosis Induction and Caspase and Protease Inhibition in TALH Cells
For apoptosis induction, TALH cells were treated with either 100 ng/ml of tumor necrosis factor-a (TNF-a) for the extrinsic pathway or 1 mM staurosporine for the intrinsic (mitochondrial) pathway for 0, 2, 4, 6, or 8 h.
The caspase inhibition was achieved by treating the cells for 2 h with Z-Val-Ala-Asp (OMe)-FMK (Z-VAD-fmk) (Enzo Life Sciences) and then for an additional 4 h with either 100 ng/ml TNF-a together with 10 mg/ml cycloheximide or 1 mM staurosporine.
For protease inhibition experiments, cells were treated for 4 h with 100 mM N-Tosyl-L-Phenylalanine Chloromethyl Ketone (TPCK) or N-a-Tosyl-L-Lysine Chloromethyl Ketone Hydrochloride (TLCK). Cell viability was determined by an MTT assay kit according to the manufacturer's recommendations. All experiments were repeated 3 times.
Statistical Analysis
All blots were quantified using the ImageJ software. Graphpad prism was used for graphical presentation and analysis by Student's t-distribution. Results are expressed as the average (mean6SD) of three or more independent experiments. Differences were considered statistically significant when p,0.05.
Results
Differential Expression Regulation of Cytoskeletal Proteins under Different Osmotic Stress Conditions
To investigate the changes in the protein profile upon osmotic stress, we performed the proteomic characterization of TALH cells exposed for long term to hyperosmotic glucose (TALH-Glu) and NaCl (TALH-NaCl) stress and compared them to the control (TALH-STD). Cell extracts were prepared from TALH-STD, TALH-Glu, and TALH-NaCl cells and separated by 2D gel electrophoresis. The examination of the gels in the pH range of 5-8 revealed significant differences between the protein profiles of stressed cells compared to non-stressed cells. Using mass spectrometry analysis and database searches, we identified up to 4 differentially regulated spots as one of the major intermediate filament proteins, VIM (Fig. 1A, Fig. S1 and Table 1 ). Moreover, quantification of regulated VIM spots showed that they are regulated independently of each other. 2D gel analysis further revealed that VIM forms (VIM I-IV) were differentially regulated under glucose and NaCl stress. Western blot analysis was performed to confirm the results obtained with the 2D gels. The obtained data showed a differential regulation of different cytoskeletal proteins, such as VIM, CK, and CFL, under different types of osmotic stresses. VIM was expressed as four different forms (termed VIM I-IV), with VIM I representing the form with lowest MW (46 kDa) and VIM IV the form with the highest MW (54 kDa). Under osmotic stress the expression oft the VIM forms seemed to be regulated differentially and independently from each other. VIM I was significantly downregulated in TALH-NaCl and TALH-Urea cells but not in TALH-Glu cells. VIM II was down-regulated in TALH-Glu cells. Whereas in comparison to control cells VIM III was upregulated in TALH-NaCL cells, it was downregulated in TALH-Glu and TALH-Urea cells. In case of VIM IV, expression levels were only found to be changed in case of TALH-Glu cells. Similar to VIM, CK showed four different bands in Western blot, all the four bands were up-regulated in TALH-NaCl, whereas in TALH-Glu cells only the form with lowest molecular weight showed slightly upregulation. In TALH-Urea cells the expression of CK was not significantly altered. However, cofilin (CFL) was down-regulated in both TALH-NaCl and TALH-Glu cells but not in TALH-Urea cells (Fig. 1B) . TALH-STD cells were stressed with 600 mosmol/kg NaCl medium and analyzed after 0, 24, 48, 72, and 96 h. C: Adapted TALH-Glu cells were switched back to hypoosmolar medium with 300 mosmol/kg medium and tested for protein expression changes after 0, 24, 48, and 72 h. D: Adapted TALH-NaCl cells were switched back to hypoosmolar (300 mosmol/kg) medium and tested for protein expression changes after 0, 24, 48, and 72 h. E: 2D western blot analysis of VIM expression in TALH-STD cells in the course of hyperosmolar glucose stress. TALH-STD cells were stressed with 30 mM glucose medium and tested for VIM expression after 0, 24, 48, 72, and 96 h. VIM IV subtype (arrowhead) increases after 24 h during hyperosmolar glucose stress and then decreases to almost absent in TALH-Glu cells that are cultured more than 96 h in glucose media. Immunofluorescence staining of VIM in TALH cells. F: cells switched from Glucose to hypoosmolar medium for 24, 48, and 72 h, the scale bars represent 10 mm. G: cells switched form 600 mosmol/kg NaCl to hypoosmolar medium for 24, 48, and 72 h, the scale bars represent 5 mm. Immunofluorescence staining of cells was then carried out using anti-VIM antibody. Image analysis was carried out as described in material and method part. doi:10.1371/journal.pone.0068301.g002
Expression and intracellular localization of cytoskeletal proteins under different osmotic stresses were also examined by indirect immunofluorescence staining. VIM and CK were localized in the cytoplasm, with perinuclear staining in TALH-Glu cells (Fig. 1C c,  g, Fig. S2 A,B) compared to an evenly distributed cytoplasmic network in TALH-STD (Fig. 1C a, e, Fig. S2 A,B) and particularly in TALH-NaCl (Fig. 1C b, f, Fig. S2 A,B) cells. CFL showed a predominantly nuclear localization in TALH-NaCl cells (Fig. 1C  j) , while the other TALH cell lines showed homogenous staining of the cytoplasm (Fig. 1C i, k, l) . Electron microscopic analysis of the TALH cells under different stress conditions confirmed stress dependent differences in the density and distribution of intermediate filaments. Electron micrographs showed that, compared to TALH-STD and -Glu cells, the cytoplasm of TALH-NaCl is filled with intermediate filaments (Fig. 1D) .
Time-dependent Expression Alteration of VIM Forms Under Osmotic Stress Conditions
In order to follow the expression regulation of cytoskeletal proteins under osmotic stress, TALH-STD cells were cultured for different time periods under glucose or NaCl osmotic stress. Western blot analysis of samples collected after 24, 48, 72, and 96 h of osmotic stress showed that the different VIM forms were regulated in a time-dependent manner. The expression of VIM III and VIM IV, which are almost not expressed in TALH-Glu cells, was up-regulated in the first 72 h, followed by a sustained downregulation after 96 h of glucose stress. On the other hand, VIM form II was transiently up-regulated after 24 h of glucose stress and VIM I was down-regulated during the first 72 h of stress, both forms were followed by a significant upregulation after 96 h ( Fig. 2A) . Whereas the cells cultured under NaCl stress conditions showed transient down-regulation of the VIM forms I and II (Fig. 2B) .
When higher osmotic stress adapted TALH cells (TALH-Glu or TALH-NaCl) were cultured back to hypoosmotic standard medium, lower-molecular-weight forms of VIM increase transiently after 24 h in TALH-Glu cells (Fig. 2C ) in contrast to rapid and transient down-regulation of upper forms of VIM (II, III and IV) in TALH-NaCl cells (Fig. 2D) . In parallel to VIM, the expression of 2 other cytoskeletal proteins, CK and CFL, was also monitored during the course of hyperosmolar treatment of TALH-STD cells with either 600 mosmol/kg NaCl medium or 30 mM glucose medium and back to hypoosmolar medium. We observed differential regulation of different forms of CK under both types of hyperosmotic stress ( Fig. 2A, 2B) . CFL was also found to be up-regulated, along with a shift in the molecular weight ( Fig. 2A, 2B ). In the course of hypoosmolar stress, however, CK showed transiently a lower MW band, whereas CFL down-regulation was recovered after 24 h in TALH-Glu cells (Fig. 2C ) and 48 h in TALH-NaCl cells (Fig. 2D) .
2D gel electrophoresis and western blot analyses demonstrated the presence and regulation of different forms of VIM under hyperosmotic stress conditions with glucose or NaCl. To further validate these data, 2-D western blot analysis was performed. The obtained data confirmed the presence of different forms of VIM and their independent regulation. The subtype with higher molecular weight (VIM IV) was first up-regulated under glucose stress and disappeared when the cells were cultured for more than 96 h under these conditions (Fig. 2E) . Furthermore, the expression of the basic forms of VIM in the pH range of 9 was also found to be altered under glucose stress (Fig. 2E) , whereas the expression of acidic forms was altered in the course of NaCl stress (Fig. S3 A) .
To monitor the alterations of VIM distribution in TALH cells, immunofluorescence analysis was performed during hypoosmolar stress of TALH-Glu and TALH-NaCl cells (Fig. 2F, 2G) . Glucose or NaCl adapted cells were stained by immunofluorescence with anti-VIM antibody after 0, 24, 48, and 72 h of hypoosmolar stress caused by 300 mosmol/kg medium. Cells that were adapted to higher glucose concentrations (TALH-Glu) showed a compact network of VIM filaments in the perinuclear region. Twenty-four hours after shifting the cells to hypoosmolar stress conditions, VIM takes filamental structure and spreads in entire cell. After 48 h, VIM filaments started to redistribute into a uniform network, which achieved an optimal distribution after 72 h. Cells did not build the compact network around the nucleus again, but they showed a TALH-STD-like phenotype (Fig. 2F) . Cells adapted to high NaCl concentration swell significantly after 48 h in hypoosmotic medium as a consequence of water uptake. Parallel to cell swelling the vimentin filaments spread throughout the cytoplasmic periphery (Fig. 2G) . Whereas after 72 h of hypoosmotic stress VIM was found on one hand to colocalise with plasma membrane and the other hand to build dense filaments in the periphery of the nucleus (Fig. 2G, Figure S3 B ). The Impact of the Osmotic Stress on VIM is not Restricted to TALH Cells To investigate whether the VIM behaviour is specific for TALH cells, the impact of osmotic stress on the expression of VIM in HK2 cells from the renal proximal tubule was investigated. 2D western blot analysis of HK2 cells that were adapted to high NaCl stress medium also showed a down-regulation of lower VIM forms (Fig. 3A) . Similar to TALH cells, the distribution of VIM in HK2 cells was affected by NaCl stress (Fig. 3B) . HK2-NaCl cells showed a perinuclear distribution of VIM compared to a uniform cytosolic organization of the VIM filaments in HK2-STD cells.
In contrast to the epithelial cells (TALH and HK2), Western blot analyses of protein extracts from the fibroblast cell line TK173 showed an up-regulation of the lower VIM forms after 72 h of hyperosmolar NaCl stress (Fig. 4A) . Immunofluorescence-stained TK173 cells showed a perinuclear reorganisation of VIM filaments after 24 h of hyperosmotic stress, this became intense with increased incubation time (Fig. 4B) . TK173-NaCl cells showed filamentous and uniform VIM redistribution after 24 h when removed back to hypoosmolar medium (data not shown).
VIM Forms Especially VIM III and IV Seems to be Important in Cell Survival and Adaptation Under Osmotic Stress
In order to gain more insights in the role of VIM forms in cell adaptation and viability under stress conditions, siRNA knockdown of VIM followed by osmotic stress with NaCl and glucose were carried out. The oligonucleotides were designed to target different part of the VIM (begin siRNA3, middle siRNA2 and end siRNA1 of the mRNA) (Fig. S4 A) . Experiments with single nucleotide and combined nucleotide were performed. The Western blot results showed over 95% know-down of VIM III and IV with all three designed siRNAs, whereas for VIM I and II no significant down-regulation could be achieved (Fig. 5A, Fig. S4  B) . The cells with down-regulated VIM III and IV react differently dependent on the type of osmotic stress agent. High glucose concentrations did not affect the cell viability and proliferation, whereas high NaCl concentration seams to impact the cell viability and proliferation (Fig. 5B) . Moreover the caspase activity assay confirmed an activation of caspase 8 and 3 in TALH-cells treated with siRNA and subjected to osmotic stress (Fig. 5C, Fig. S4 C) . The caspase activation was evidenced by the appearance of the cleaved caspase 3 and 8. Western blot analysis did not show any activation of caspase 9 in siRNA treated cells under osmotic stress (data not shown). The data from siRNA, cell viability assay, and caspase activity assay suggest the role of VIM III and IV in the osmotic stress adaptation especially to NaCl. Down-regulation of VIM III and IV correlated with an increase in cell death under NaCl stress (Fig. 5 B) . Furthermore the fact that all three designed siRNA did not affect the VIM forms I and II suggests the existence of splice variants of vimentin.
Immunoprecipitation of VIM from TALH-STD and -NaCl cells using monoclonal anti-VIM antibody and protein G-Agarose matrix was performed. As expected the data showed protein band in the same molecular weight as VIM I-IV (Fig. S5 A) . Using mass spectrometry and data bank search we could identify with highly significant scores the corresponding protein bands as vimentin. Moreover mass spectrometric sequencing of the VIM tryptic digest achieved 67.72% sequence coverage of VIM (Fig. S5 A) . Furthermore using MALDI-TOF MS we generated peptide mass finger print form the tryptic digest of VIM III and IV and compared them to ones generated from the VIM I and II. The overlapping of the mass spectra clearly showed differences between the VIM forms suggesting peptide sequence heterogeneity between the VIM forms and supporting the existence of VIM splice variants (data Fig. S5 B, C) .
VIM Forms Play an Important Role in Apoptosis Induction and Resistance in Renal Cells
In order to understand the role of VIM forms in cell survival and adaptation, we induced apoptosis by the extrinsic pathway with TNF-a and the intrinsic (mitochondrial) pathway with staurosporine and monitored the expression of VIM and cell viability in a time-dependent manner for 0 to 8 h. Apoptosis induction was controlled with MTT cell viability assay and the caspase 6-determined cleavage fragments of lamin A/C [25] . The cell viability analysis showed that TALH-Glu cells were more prone to death, with a decrease in cell viability from 100% to 48% under TNF-a treatment (Fig. 6A ) and to 44% under staurosporine (Fig. 6D) . In contrast, TALH-NaCl cells were more resistant to apoptosis induction, from 100% to 79% under TNF-a treatment (Fig. 6A ) and to 80% under staurosporine treatment (Fig. 6D) . In parallel, western blot analysis of lamin A/C demonstrated that a cleavage product of 25 kDa in molecular weight appeared after 4 h of apoptosis induction in TALH-Glu (Fig. 6B, 6E ) and after 6 h in TALH-STD (Fig. S6 ) cells but not in TALH-NaCl cells (Fig. 6C, 6F ). Furthermore, we found an up-regulation in the highmolecular-weight forms of VIM in TALH-Glu cells compared to almost no difference in TALH-NaCl cells after 2 h of apoptosis induction; however, the lower-molecular-weight forms were downregulated, illustrating the role of VIM form levels in renal cell resistance to apoptosis.
Caspases are the key effector proteins of the physiological death process, known as apoptosis. They exist in most of our cells as inactive precursors that lead to cell death once activated. Z-VADfmk is a pan-caspase inhibitor, which blocks apoptotic cell death. Treatment of cells with Z-VAD-fmk results in VIM expression alteration in TALH-Glu (Fig. 7A ) cells but not in -NaCl once (Fig. 7B ). This protein expression alteration was independent of apoptosis inducers. This supports the assumption that renal cells under glucose stress express low amounts of higher-molecularweight forms of VIM and exhibit higher apoptosis levels, whereas renal cells that are exposed to higher NaCl concentrations express large amounts of higher-molecular-weight VIM and exhibit higher resistance to apoptosis. TLCK (Na-Tosyl-Lys-chloromethylketone) and TPCK (N-Tosyl-L-phenylalanine chloromethyl) are active site-directed agents that irreversibly inhibit serine proteases. TALH-Glu cells that were treated with TLCK or TPCK showed an alteration of VIM expression under TLCK but not under TPCK treatment (Fig. 7C) , in contrast the inhibitors treatments had no effect on VIM expression in TALH-NaCl cells (Fig. 7D) . 
Discussion
The changes in osmolarity occur physiologically due to fluctuations in NaCl and urea concentrations and pathophysiologically due to glucosuria in patients suffering from diabetes mellitus [26] . As an important part in the urinary concentration mechanism, renal tubular cells are able to restore their cell volume to normal despite high changes in extracellular osmolarity [27] . However; their adaptive mechanism has remained poorly characterized, and the underlying signaling pathways are poorly explored. The present study provides further evidence for the involvement of cytoskeletal proteins, such as VIM, CFL, and CK, in renal cell resistance to osmotic stress conditions with altered NaCl and glucose concentrations.
Among these cytoskeletal proteins, the IF protein VIM showed expression alteration, accompanied by changes in localization, under NaCl and glucose stress conditions. The increase in VIM expression in NaCl-stressed cells seems to play an important role in the stabilization of the cell shape, as VIM is known to provide structural stability [28] . VIM is known to have the tendency to associate with other cytoskeletal components, membranes, and specific proteins [29, 30] . VIM can also interact directly with actin filaments [31] . It is already known that one of the aspects of osmotic stress resistance is to trigger cytoskeletal reorganization in the form of actin filament rearrangements [29, 30] . Furthermore, the regulation of CFL further strengthens the theory, as CFL has been shown to be an essential actin regulatory protein that severs filaments and accelerates actin assembly dynamics [32, 33] .
Apart from the role of VIM in terms of interaction with actin filaments, VIM is also known to affect the localization and activity of the sodium-glucose cotransporter SGLT 1 [34] and is thus involved in glucose metabolism in renal proximal tubular cells. The strong regulation of the 57-kDa protein VIM in osmotic stress adaptation has been described in the form of augmented synthesis or assembly of soluble subunits of VIM by Soellner et al. [35] . Further evidence for the involvement of VIM in osmotic stress adaptation was provided by studies with VIM-deficient mice, in which altered taurine release after hypotonic stress could be observed [36] .
IFs are known to take part in the distribution of caspases, as the effector proteases in apoptosis [37] and VIM form a complex with the proapoptotic p53, whose cleavage leads to nuclear translocation of p53 and apoptosis induction [38] . Increased resistance of TALH-NaCl cells to apoptotic induction with TNF-a compared to TALH-Glu cells and TALH-STD cells gave evidence for the reverse involvement of VIM forms in apoptosis. This is evidenced by the overexpression of the higher-molecular-weight VIM forms (VIM III and VIM IV) in TALH-NaCl cells compared to control and TALH-Glu cells. The independent regulation of the vimentin forms under stress conditions is in contrast to previous data that showed that VIM is prone to be cleaved in response to certain stress stimuli, producing different molecular weight forms of VIM as apoptotic products [39] . As has been described before, hyperosmotic stress can stimulate TNF-a expression [40] , which could be the possible reason for the higher viability of TALHNaCl cells that are used to higher levels of TNF-a. Higher viability of TALH-NaCl cells was also observed with staurosporine treatment, which causes apoptosis independently of TNF-a. Moreover, the reappearance of these higher-molecular-weight VIM forms in TALH-Glu cells during the course of apoptotic induction further showed that cells started a self defence mechanism against apoptotic events by increasing the expression of higher-molecular-weight forms of VIM.
Glucose is also known to induce reactive oxygen species via protein kinase C (PKC) activation [41] , which makes cells more vulnerable to other stresses. VIM is known to be phosphorylated by PKC, which is accompanied by the reorganization of intracellular membranes [42] . Our results for protease inhibition indicate an involvement of PKC in osmotic stress adaptation, as TLCK, a potent inhibitor of PKC, had an impact on cleavage forms of VIM but not TPCK [43] . As VIM is regulated in osmotic stress as well as in apoptosis induction and protease inhibition in TALH-Glu cells, it seems likely that multiple proteases systems that influence VIM are altered in TALH cells that are adapted to high glucose.
Taken together, our study demonstrates that different forms of VIM are more than only apoptotic products in different kidney cell lines, as they are present in standard conditions of osmolarity. Moreover, VIM and the level of its different forms are closely related to cell resistance to osmotic stress and apoptosis and play an important role in the osmotic stress adaptation of renal cells. Figure S1 2-DE protein map of total proteins isolated from TALH-Glu cells. 150 mg protein was loaded on a 11-cm IPG strip with a linear pH 5-8 gradient for isoelectric focusing, and a 12% SDS polyacrylamide gel was used for SDS-PAGE. Proteins were stained with flamingo. Selected proteins that were found to be differently expressed in TALH-Glu cells compared to TALH-STD cells, were assigned a number corresponding to their number in Table 1 . (TIF) Figure S2 Distribution of VIM in TALH-Cells. A: Immunofluorescence staining of TALH-cells using mouse anti-VIM antibody in TALH-STD, TALH-NaCl, TALH-Glucose cells. Images were performed using confocal microscope FV1000 from Olympus (Olympus Optical, Hamburg Germany) Mikroskop FV1000 von Olympus (Olympus Optical, Hamburg, Deutschland). The images were carried out using 60x objective. Red: vimentin and blue: DAPI nucleus staining. The image reconstruction was carried out using Imaris x64, Version 7.4.0 (Bitplane, Zurich, Switzerland). B: Immunofluorescence staining of TALHcells using mouse anti-VIM (a, b, c, d), anti-CFL (e, f, g, h), and anti-CK (i, j, k, l) antibodies in TALH-STD, TALH-NaCl, TALH-Glucose, and TALH-Urea cells, respectively. VIM builds a strong filamentous network in TALH-NaCl (b) cells compared to strong perinuclear restriction in TALH-Glu (c) cells. Scale bar, 20 mm. Images were performed using inverted immunofluorescence Zeiss Axiophot microscope (Carl Zeiss, Jena, Germany) equipped for epifluorescence with objectives ranging from magnifications of 106 to 1006 with oil-immersion and a black and white Zeiss Axiocam CCD camera. Image capture was carried out using AnalySIS software (Soft Imaging Systems, Leinfelden, Germany). 
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